Purpose: To assess precision and accuracy of a new objective algorithm using binarization in a software for identifying the hyperautofluorescent ring (AF ring) in retinitis pigmentosa (RP) compared with subjective visual inspection.
Introduction
Retinitis pigmentosa (RP) is a slow, progressive, hereditary retinal disease caused mainly by the loss of photoreceptors and is characterized by nyctalopia and visual field (VF) constriction, which eventually lead to legal blindness. 1, 2 The central VF of patients with RP is usually assessed using a static automated perimeter, such as the Humphrey Field Analyzer (HFA; Carl Zeiss Meditec, Dublin, CA). 3, 4 However, VF assessment requires a cooperative and responsive patient, which can be somewhat subjective in nature. On the contrary, fundus autofluorescence (AF) imaging provides an objective measure of the retina, thus enabling a practitioner to visualize the distribution of lipofuscin at the level of retinal pigment epithelium (RPE). High AF signal intensity indicates the excessive accumulation of lipofuscin or other fluorophores, and low AF signal intensity indicates the loss or atrophy of RPE. 5, 6 A previous study showed that wide-field AF imaging reflected the current scotoma and remaining VF in patients with RP.
In a large population of patients with RP, characteristic hyperautofluorescent ring (AF ring) is observed at the parafoveal area. [8] [9] [10] Although this finding is not observed in very early or late stage of RP, or with specific genetic subtype, more than half of RP patients especially in the middle stage of the disease showed this finding. 8, 10 The AF ring has attracted attention because recent studies using HFA 10 or microperimetry (e.g., MP-1; Nidek Technologies, Tokyo, Japan) 11 have suggested that the ring may be a good indicator of retinal dysfunction. This finding is also supported by other previous studies showing that the amplitudes of pattern electroretinography (pERG) 9 and multifocal electroretinography (mfERG) 12 are significantly correlated with the size of the AF ring. More recent study showed that VF sensitivity was more closely associated with the area of the AF ring than with the area of disrupted ellipsoid zone (EZ) assessed by the optical coherence tomography (OCT). Considering that present status or progressive constriction of residual central visual field is a matter of serious concern for quality of life in patients with RP, especially in their middle stage, it should be highly beneficial to clarify the relationship between AF ring and VF.
However, one of the problems in these studies is that the AF ring was defined subjectively, specifically with visual inspection, thus limiting the repeatability and reproducibility of the result. We believe that an objective definition of the AF ring is essential for the accurate evaluation of the relationship between the AF ring and visual function.
The purpose of this study was to develop a novel method that can objectively define the AF ring by using image processing in Fiji. The relationship between the objectively identified AF ring and retinal sensitivities was also examined.
Methods
This retrospective cross-sectional study was approved by the Research Ethics Committee of the Graduate School of Medicine and the Faculty of Medicine of The University of Tokyo. Patients agreed to the storage and use of their information in the hospital database and in research, respectively, via written informed consent. This study was performed according to the tenets of the Declaration of Helsinki.
Subjects
This study included consecutive patients with RP who presented at the retina clinic of the University of Tokyo between November 2015 and November 2017. All patients fulfilled the following inclusion criteria: (1) typical fundus finding of RP, such as bone spicule pigmentation, arteriolar attenuation, and waxy disc pallor; (2) reduction in a-and b-wave amplitudes or nondetectable full-field ERG; (3) a midperipheral VF defect; (4) RP is the only disease causing VF damage; (5) follow-up for at least 6 months and both HFA and wide-field AF imaging within three months; (6) bestcorrected visual acuity less than 0.5 LogMAR (to ensure reliability of VF testing) 13 ; and (7) AF ring within 108 of the center from the fovea.
VF Testing
A white-on-white HFA 10-2 measurement was performed with the Swedish Interactive Threshold Algorithm Standard testing algorithm and Goldmann stimulus size III. This measurement is commonly used for assessing the residual central VF in patients with midstage RP.
14 Only reliable VFs, which were defined as a fixation loss rate less than 20% and a falsepositive rate less than 15%, were used in the analyses by following the criteria used by the HFA software; false-negative rate was not used as an exclusion criterion. 15 
AF Imaging
Fundus AF imaging was obtained without pupil dilation by using an ultra-widefield imaging system (Optos 200Tx; Optos, Dunfermline, UK), which uses a 532-nm exciter filter and a 570-to 780-nm barrier filter for AF detection. This instrument allows the visualization of the retina in 2008 in a single frame. Images interfered with by eyelashes were excluded, as well as those in which the macula was largely shifted from the center.
AF Image Processing

Image Input
Each image output was automatically corrected for three-to two-dimensional projection errors by the V2 Vantage Pro software (Optos). Then, they were processed using Fiji software version 1.0 based on ImageJ. 16 Each image had a width of 3900 pixels (px) and a height of 3072 px. The XY origin (the coordinate of [0, 0]) was defined as the upper left corner of the image window.
Identification of the Fovea and the Disc
A 50 3 50-px rectangle, including the fovea, was manually selected (Fig. 1A) . By using a ''column average plot'' function, the x-axis value corresponding to the lowest gray value was defined as the xcoordinate of the fovea on the basis of the assumption that the lowest AF intensity was observed in the fovea because of blockage by macular pigment (Fig.  1B) . 17, 18 The y-coordinate of the fovea was similarly defined.
An ellipse was also manually fitted to the outer border of the optic disc, and the center of the ellipse was defined as the center of the optic disc.
Definition of 18 Distance
The difference between the fovea and the center of the optic disc was assumed to correspond to a 158 angle of view and was used as a reference angle. 19 A recent study examining three-dimensional printed model eyes and images captured by ultra-widefield imaging system reported that distortion increases toward the periphery. 20 We thus did not use the raw angle subtense of Optos (2008), which includes all pixels from the center to the periphery and are considered as inappropriate for determining a reference angle. Using the calculated reference angle, we cropped the image to a rectangle of 208 wide and 208 high with the fovea in the midpoint ( Fig. 2A ).
Binarization Processing
Niblack's local thresholding technique was performed to binarize the image 21 ( Fig. 2B ). This technique calculates a different threshold for each pixel depending on the grayscale information of the neighboring pixels; thus, it is robust with regard to fluctuation of raw AF images.
Morphologic Operations
To reduce the noise, we performed erosion operators followed by dilation operators (Fig. 2C ). The effect of erosion operators on a binary image is to erode away foreground objects (white objects) by removing pixels at their boundaries. By contrast, the effect of dilation operators is to enlarge foreground objects (white objects) by adding pixels to their boundaries. The result of erosion followed by dilation is called ''morphologic opening,'' which removes the white objects smaller than the structuring element. If white isolated objects still remained inside the ring after the erosion and dilation, they were manually filled with black (gray value ¼ 0) (Fig. 3A) .
Definition of the AF Ring
A total of 64 half lines were drawn every p/32 radians starting from the fovea (Fig. 2D) . Two intersection points were identified in each line, one was at the inner border of the AF ring (inner intersection [II] ) and the other was at the outer border of the AF ring (outer intersection: OI) (Fig.  2E ). The distance between these two intersection points was defined as the ring width (RW), and the distance between the fovea and II was defined as the inner radius (IR). Occasionally, the intersection was inappropriately identified, thus compromising the integrity of the AF ring (Figs. 3B, 3C ). Hence, lines that satisfied all of the following conditions were Figure 1 . (A) Enlarged image of the original image. A 50 3 50-px rectangle including the fovea is selected, and the area is blurred to remove noise. Thereafter, the averaged gray value is calculated for every distance from the left side of the 50 3 50-px rectangle. (B) Column average plot of the blurred area in (A). The x-axis represents the horizontal distance from the left side of the 50 3 50-px rectangle, and the y-axis represents the vertically averaged gray value (pixel intensity). In this case, the x-axis value corresponding to the lowest gray value is 19. selected: (1) the line had both II and OI; (2) the RW was within A cubic spline curve to the selected IIs or the OIs was defined as the inner or outer border of the ring, respectively (Figs. 2F, 2G ). The ratio of the number of selected lines to 64 lines was calculated in each image and was called the acceptance rate.
Division of the Image into Several Sectors
By using the AF ring above, the image was divided into the following three sectors: inside the AF ring (IN), on the AF ring (ON), and outside the AF ring (OUT). Moreover, concentric curves were drawn at 18 intervals outside and inside the AF ring. The image was then divided into the following 10 sectors according to the relationship to the AF ring ( Finally, the total deviation (TD) of HFA 10-2 was superimposed (Fig. 2I) . The sectorial mean of TDs was calculated in each of the 10 sectors.
The above processes from 1 to 8 were performed twice by two independent raters (TI and YH) to assess the intra-and interrater agreements.
Application of a Freehand Method
The AF ring was also defined with visual inspection (the freehand method) for comparison with the binarization method. First, all 23 images were cropped to 208 3 208 images by using the abovereferenced angle. Thereafter, three raters (JL, ST, and AF) subjectively drew freehand lines of the ring in all eyes using Fiji software. It should be noted that this freehand method was implemented on raw images before being processed by blurring and binarization.
Statistical Analysis
To analyze precision (intra-and interrater agreements), we used Jaccard indices (JI), which is obtained by dividing the number of pixels of the intersection of the areas by the number of pixels of the union. First, the JIs between the first and second experiments of each rater were calculated as intrarater agreement in both the group using the binarization method (Group bi ) and in the group using the freehand method (Group fr ). Second, the JIs at the first experiment between the different raters within each group (Group bi or Group fr ) were calculated as interrater agreement. These JIs were compared between Group bi and Group fr by using a linear mixed model, whereby raters and subjects were treated as random effects.
To determine the degree of classification accuracy of the binarization method, we measured in which sector (IN, ON, and OUT) the 68 points in HFA were classified for the binarization and freehand methods. We compared the results by calculating percent agreement and weighted kappa statistic.
The relationship between the area inside the inner border of the AF ring and the mean deviation (MD) in the binarization method was investigated using a linear mixed model, whereby subjects were treated as random effects.
The sectorial mean TDs of the three sectors (IN, ON, and OUT) both in the binarization and the freehand methods were compared using Tukey's test in a linear mixed model, whereby subjects and eyes were random effects. The sectorial mean TDs of the 10 sectors in the binarization method were compared next to each other by using a linear mixed model, whereby patients and eyes were random effects.
All analyses were performed using the statistical programming language R (R version 3.3.3; R Project for Statistical Computing, Vienna, Austria).
Results
Defining the AF Ring by Using the Binarization Method
The subject demographics are shown in Table 1 . The acceptance rate or the ratio of the number of selected lines to 64 lines was 70% to 80% (N ¼ 4), 80% to 90% (N ¼ 5), or 90% to 100% (N ¼ 14) . The mean 6 standard deviation (SD) was 90 6 0.08%. Figure 4 shows all 23 AF images before binarization, and Figure 5 shows all 23 binarized images. Figure 6A shows the distribution of JIs between the first and second experiments for each rater. The means 6 SDs of JIs in Group bi were 0.94 6 0.04 (rater 1) and 0.95 6 0.05 (rater 2), whereas the means in Group fr were 0.74 6 0.05 (rater 3), 0.73 6 0.05 (rater 4), and 0.78 6 0.05 (rater 5). The JIs of Group bi were significantly higher than those of Group fr (P ¼ 0.002). Figure 6B shows the distribution of JIs between the different raters in each of the two groups (Group bi or Group fr ) at the first experiment. The mean 6 SD of JIs in Group bi was 0.95 6 0.04 (rater 1 vs. rater 2), whereas the means 6 SDs in Group fr were 0.68 6 0.08 (rater 3 vs. rater 4), 0.71 6 0.06 (rater 3 vs. rater 5), and 0.69 6 0.08 (rater 4 vs. rater 5). The JIs of Group bi were significantly higher than those of Group fr (P ¼ 0.005). Table 2 shows how the classification of the binarization method corresponds to that of the freehand method. Percent agreement was 0.94 and weighted kappa statistic was also 0.94 (P , 0.001). Mean deviation, dB À15 (7.5) À32 to À5.6 Figure 7 shows the relationship between the MD and the area inside the inner border of the AF ring. The two parameters showed a significant positive correlation (R 2 ¼ 0.48, P , 0.001). Figure 8A shows the distribution of TDs of the three sectors (IN, ON, OUT) in the binarization method. The means 6 SDs of the TDs in each sector were À4.0 6 4.6, À6.9 6 5.4, and À18 6 9.1 dB in IN, ON, and OUT, respectively. The TD of IN was significantly higher than the TDs of ON and OUT (P ¼ 0.016 and P , 0.001, respectively), and the TD of ON was significantly higher than that of OUT (P , 0.001).
Intra-and Interrater Agreements
Agreement Between the Binarization and Freehand Methods
VF Sensitivity and the AF Ring
The distribution of TDs of the three sectors (IN, ON, OUT) in the freehand method is shown in Figure   8B . The means 6 SDs of the TDs in each sector were À3.9 6 4.5, À7.3 6 6.2, and À19 6 9.0 dB in IN, ON, and OUT, respectively. The TD of IN was significantly higher than the TDs of ON and OUT, and the TD of ON was significantly higher than that of OUT (all P , 0.001).
The means 6 SDs of TD in the binarization method in the 10 groups (IN 3 , IN 2 , IN 1 , ON, OUT 1 , OUT 2 , OUT 3 , OUT 4 , OUT 5 , and OUT 6 ) were À4.1 6 4.7, À3.2 6 4.0, À4.5 6 4.6, À6.9 6 5.4, À12 6 7.1, À16 6 8.5, À18 6 8.5, À19 6 7.8, À21 6 8.4, and À25 6 8.6 dB, respectively. IN 2 had a significantly higher value than IN 1 (IN 2 . IN 1 ) 6 ) showed no significant difference (P ¼ 0.22, P ¼ 0.84, P ¼ 0.073, and P ¼ 0.17, respectively). The retinal sensitivities decreased not sharply but gradually across the ring. 
Discussion
In this study, we developed a novel method to evaluate the AF ring objectively in eyes with RP using binarization processing. There was good agreement between this binarization method and the conventional freehand method, and the binarization method showed significantly higher precision (intra-and interrater agreements) than the freehand method. Retinal sensitivities showed gradual changes across the AF ring rather than sharp changes.
Previous studies have shown that the AF ring is correlated with retinal function by using examinations, such as HFA, Goldmann perimetry, microperimetry, pERG, and mfERG. [9] [10] [11] [12] 22 The AF ring has also been associated with the disruption of the EZ and a decrease in the outer nuclear layer (ONL) thickness shown in OCT. 8, 23, 24 A recent study showed that VF sensitivity was more closely associated with the area of the AF ring than the area of disrupted EZ assessed with OCT. 25 Although these studies suggested the significance of examining the AF ring in clinical practice, quantitative analysis was limited because the AF ring was subjectively defined by the human eye.
In this study, we defined the AF ring using binarization techniques, thus enabling the objective examination of the AF ring. Although the freehand method is still used in many studies as the gold standard for identifying the AF ring, there are also a few studies trying to assess the AF ring quantitatively. Jolly et al. 26 reported the quantitative analysis of the AF ring using image processing, but they defined the radius of the AF ring in a one-dimensional manner. By contrast, we defined the AF ring in this study in a two-dimensional manner. We believe that two-dimension images have more information and are essential for analyzing the relationship between the AF ring and retinal sensitivities in detail. Another study reported a powerful technique called qualitative fundus AF (qAF), which measures fluorescence intensity with high repeatability. The images taken by qAF can be compared among different subjects or among different images within the same subject. 27, 28 However, this technique requires the internal fluorescent reference, which is not commercially available. By contrast, Optos is one of the most widely used commercially available systems 29 that provide nonmydriatic quick diagnosis, 30 and Fiji is a free and open-source software. Thus, the binarization algorithm in the present study can be readily used in daily clinical practice.
In terms of precision, the binarization method showed higher intra-and interrater agreements than the freehand method. Given that retinal dystrophy progresses slowly, assessment with excellent precision is important. The JIs in Group bi were significantly greater than those in Group fr both for intrarater agreement (0.94-0.95 vs. 0.73-0.78, respectively) and for interrater agreement (0.95 vs. 0.68-0.71, respectively). This result emphasizes the usefulness of the binarization method, particularly in follow-up procedures for chronic diseases, such as RP. We investigated the association between the AF ring and VF sensitivity. Our results showed that the area inside the inner border of the AF ring was significantly correlated with MD and that sectorial mean TDs were significantly high in IN, ON, and OUT in descending order. These results are consistent with previous reports using the freehand method, thus indicating that binarization processing has a sufficient degree of accuracy. The present study also showed that there was good agreement between the binarization and freehand methods (kappa statistic, 0.94). This also supports the accuracy of the binarization method.
Furthermore, adjacent sectorial TDs were analyzed according to the distance from the AF ring at 18 intervals. The result showed that IN 2 was significantly higher than IN 1 (IN 2 . IN 1 ), IN 1 . ON, ON . OUT 1 , OUT 1 . OUT 2 , and OUT 2 . OUT 3 . This result suggests that retinal sensitivities change gradually rather than sharply across the AF ring from 28 inside the inner border to 38 outside the outer border. In other words, retinal sensitivities do not change in the way that they take a higher constant value inside the inner border, sharply decrease across the AF ring, and take a lower constant value outside the outer border. A recent study showed that the structural changes in the transition zone (from healthy to diseased retina) in RP progressed in an orderly manner from the thinning of the outer segment (OS) layer, the thinning of the ONL, the loss of the OS layer, and the reduction of ONL to an asymptotically small level. 31 Another study reported that the thickness of the OS decreased linearly with loss of local field sensitivity. 32 Considering these studies, the gradual change of retinal sensitivities across the AF ring in the present study may be biologically plausible.
This study has several limitations. First, the sample size is relatively small. Because we identified the parameters of image processing so that the images produced could be appropriate, there may be overfitting in our method. Also, we included eyes with ''visually'' appropriate AF rings; thus, our method may not be applied to suboptimal images (more obscure rings). To verify that this new method can be applied to other patients with RP, further studies with larger sample size would be essential. Second, images taken by Optos have lower resolution (19 px/degree) than those taken by the standard confocal scanning laser ophthalmoscope HRA2 (Heidelberg Engineering, Heidelberg, Germany; 25.6 px/degree). Furthermore, unlike HRA2, Optos produces distorted images especially for the periphery. 20, 22 However, a previous study reported that Optos could be substituted for HRA2 in AF image acquisition, at least for qualitative analysis in clinical practice 22 ; therefore, there may be little difference between Optos and HRA2 in quantitative evaluation. Considering applying mydriatics to RP patients temporarily worsens photophobia, the use of Optos without mydriasis is thought to be a useful option in clinical practice. Third, the pixel defined as the fovea may not be identical to the fixation point in the VF analysis. It could be quite helpful to use another measure, such as FA, to identify the location of the fovea, but the data were not available in the present study. Although further investigation is needed to improve the AF registration and the VF test, the results of the present study suggest the superiority of the new method over the conventional freehand method in the objective assessment of the AF ring.
In conclusion, we newly developed a novel method to objectively evaluate the AF ring by using binarization processing. This method showed significantly higher precision and the same degree of accuracy as the freehand method. The retinal sensitivities gradually decreased from 28 inside the inner border to 38 outside the outer border.
